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Surface characterizationAbstract The present work aims at obtaining a suitable and selective catalyst for catalytic dehy-
drogenation reactions through designing pore structures of silica-containing alumina nanocompos-
ites by optimizing silica content in the structure. In this trend, series of silica-containing alumina
nanocomposites with different molar ratios Al2O3/SiO2 were prepared by the solvothermal method.
According to surface characterization of silica-containing alumina nanocomposites, the sample with
the highest molar ratio of Al2O3/SiO2 (2.06) showed mesoporous structure with selective pore sizes
of 3.7 and 4.6 nm. In addition, it had a high surface area value of 308 m2/g. Furthermore, SEM and
TEM images of the same sample showed ultra ﬁne sized particles in the nano size (7–17 nm). Dehy-
drogenation catalysts, as developed structures, were then achieved by loading 0.6 wt.% platinum
metal over the prepared nanocomposites. Performances of the prepared nanocatalysts were inves-
tigated via the dehydrogenation of a model compound namely; cyclohexane. Experimental results
showed that the Pt catalyst supported on the silica-containing alumina nanocomposites with the
highest molar ratio of Al2O3/SiO2, is an efﬁcient and selective catalyst toward the dehydrogenation
reaction. This was revealed in terms of 100% selectivity of this catalyst toward the conversion of
cyclohexane at all ranges of temperatures with the conversion reaction being temperature depen-
dent. Practically, the total conversion of cyclohexane increased with increasing reaction temperature
and reached 100% at 450 C while the prepared catalyst demonstrated absolute selectivity.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.
Open access under CC BY-NC-ND license.1. Introduction
Development of a new catalyst supports the fact that dehydro-
genation reaction has been a great challenge since it can be
used as a source of hydrogen (clear energy). It is well-known
that many catalytic reactions depend on the structure of the
446 O. Saber, H.M. Gobaracatalyst such as its particle size, amount and types of internal
defects, surface structure, etc.
Also, the importance of the catalytic support as well as the
amount of catalytic material has been reported in many stud-
ies. Many heterogeneous catalysts [1] were synthesized by
using different support materials like SiO2, Al2O3, TiO2,
ZrO2, MCM-41 and were tested for the dehydrogenation of
cyclohexane.
Mixed oxide catalysts are usually characterized by higher
speciﬁc surface area, stronger surface acidity, basicity and
favourable thermal stability compared to respective single metal
oxides [2,3]. Mixed oxide surface characterization could be con-
trolled through the choice of suitable preparation conditions. A
sol–gel technique as a controllable process has been recognized
for the preparation of Al2O3/SiO2 supports [4–7]. Amorphous
alumina–silica material was extensively used as a catalyst and
support, if it compared to the previous zeolites with its limited
function were identiﬁed and introduced. Increased attention
towards alumina–silica was recognized once more upon prepa-
ration of an activemesoporous structure [8].While alkylation of
aromatic hydrocarbons by oleﬁns was convincingly reported
[9], Corma et al. [10], Calemma et al. [11] and Peratello et al.
[12] found that MSA (mesoporous alumina–silica) catalysts
are highly suitable acidic components for the preparation of
supportedmetal bi-functional catalysts applied in hydroisomer-
ization, hydrocracking and oleﬁns oligomerization. Among the
reported MSA mesoporous syntheses by sol–gel and reaction
conditions controlling parameters such as pore size, structure,
distribution, hydrothermal stability and the density of acid sites
[13,14] various templates and pore regulating agents such as
tetra alkyl ammonium cation and tetra alkyl ammonium
hydroxide [15–17] were reported as effective for such tasks.
Within the last ten years, unique properties of nano-struc-
tured materials have been revealed and many technological
areas clearly stand to beneﬁt from the development of materi-
als on the nano-scale [18,19]. Dispersion and arrangement of
nanoparticles in the alumina/silica oxide composites were
important factors governing the hydrodesulphurization
(HDS) reaction [20]. Jien et al. [21] used carbon nanoparticles
(with different structures), carbon nanotubes and traditional
carbon materials as supports to prepare platinum catalysts
and measure their activity in cyclohexane dehydrogenation.
In the present work, in the absence of templates or pore-
regulating agents, series of silica containing alumina nanocom-
posites at different ratios Al2O3/SiO2 are to be prepared using
the solvothermal method, employing likely precursors, for the
aim of modifying the surface structure of alumina while in the
presence of silica to attain catalyst supports with excellent
capability. Alumina nanocomposites, as prepared, were char-
acterized geometrically and structurally using X-ray diffrac-
tions, scanning electron microscopy (SEM), transmission
electron microscopy (TEM) studies. In addition, thermal sta-
bility of the nanocomposites was monitored using thermo-
gravimetric analysis (TG), differential thermal analysis
(DTA) and differential scanning calorimetry (DSC).Figure 1 A schematic illustration of the set up used for
preparation.2. Material and methods
Aluminum tri-sec-butoxide, tetra ethyl ortho-silicate, ethanol
(precursors and solvent, respectively), chloroplatinic acid;
H2PtCl6Æ6H2O (source of platinum metal), ethylene glycols(complexing agents of platinum) and hydrazine monohydrate
(reducing agent of platinum) were all from Merck, Germany.
Pure sodium hydroxide (99.9% purity) and acetone (redistilled)
were supplied by a local manufacturer. Deionized water was
used throughout the work as a solvent or for washing solids.
2.1. Preparation of silica-containing alumina nano-composites
A series of silica-containing alumina nanocomposites with dif-
ferent molar ratios was prepared via the solvothermal method.
Initially, appropriate amounts of aluminum tri-sec-butoxide
and tetra ethyl ortho silicate were dissolved in excess amounts
of solvent until the Al2O3/SiO2 M ratios were obtained to be
2.09, 0.698 and 0.023, respectively and were denoted as AS1,
AS2 and AS3. Stirring continued for 2 h where the solution
was then placed in a pressurized vessel with a temperature con-
troller unit (Autoclave) as shown in Fig. 1. The reaction was
achieved under supercritical conditions in the presence of eth-
anol (temperature 250 C and pressure 70 bar).
2.2. Platinum loading
For the synthesis of platinum nanoparticles, chloroplatinic
acid; H2PtCl6Æ6H2O was dissolved into 50 mL of ethylene gly-
col. The solution was heated and stirred at 60 C for 30 min. A
certain amount of sodium hydroxide was afterward added
until the solution became alkaline. As soon as the color of
the solution started to change from orange to grey–black,
the temperature of the water bath was raised to 65 C and kept
at that temperature for a time of 30 min. 5 mL of hydrazine
hydrate was subsequently added dropwise and the mixture
was then kept at the same temperature for 2 h. The color of
the mixture became completely grey–black.
For platinum loading, silica-containing alumina nanocom-
posites were impregnated with the prepared mixture of plati-
num. An appropriate volume of impregnating solution was
added to the powder sample to obtain 0.6 wt.% Pt in the ﬁnal
catalysts. The mixture was stirred for a long time under bub-
bling by an inert gas. The precipitate was washed by deionized
water and acetone several times, and then ﬁnally it was washed
by absolute ethyl alcohol. The washed precipitate was dried
under vacuum for approximately 3 h. For simplicity, samples
were denoted as Pt/AS1, Pt/AS2 and Pt/AS3.
2.3. Structural, morphological and thermal characterization
Solid catalysts, as prepared were characterized using powder
X-ray diffraction (XRD) spectra registered between 1.8 and
Figure 2 X-ray diffraction patterns of the prepared silica-
containing alumina with different Al2O3/SiO2 M ratios.
Silica content in alumina–silica nanocomposites 44770 by Rigaku RINT 2200 using CuK<alpha>(ﬁltered) radi-
ation (<lambda>= 0.154 nm) at 40 kV and 20 mA. SEM
investigation was performed using a JEOL, JSM-6330, while
TEM examination was carried out using JEOL – JEM-1230.
DSC-TGA analyses were carried out by using simultaneous
DSC-TGA instrument, SDTQ 600, under N2 atmosphere with
a heating rate of 10 C/min. All measurements were carried out
at the Central laboratory of the Egyptian Petroleum Research
Institute (EPRI), Nasr city, Cairo.
2.4. Surface characteristics
Nitrogen adsorption–desorption isotherms at 77 K (196 C)
were obtained with a NOVA 3200 apparatus (USA). Samples,
before being subjected to surface area measurements, were
degassed under vacuum at 200 C for 4 h. Adsorption iso-
therms, speciﬁc surface area, pore volume and average pore
radius were calculated by using Brunauer, Emmett and Teller
(BET) equation [22]. In addition, surface area and porosity
were detected by applying the t-method [23]. The analyses of
desorption data to obtain pore size distribution and surface
areas, SBJH and SDH were proposed by: Barrett, Joyner
and Halenda (BJH-method) [24] and Dollimore and Heal
(DH-method) [25] respectively.
2.5. Catalytic processes
Catalytic activities of each of the prepared solid catalysts were
tested using cyclohexane dehydrogenation as model com-
pounds using a micro-catalytic pulse unit. In the micro cata-
lytic reactor, 0.20 g of the dried catalyst was placed between
two thin quartz layers. Prior to the catalytic activity test (all
the investigated samples in oxide form were reduced by heating
at 350 C in a stream of dry and clean H2 gas at a ﬂow rate of
100 cm3 min1 for 4 h). The reduced catalyst was activated at
450 C for 2 h in a stream of H2 gas. Two microliters of the
hydrocarbon reactants were injected over the catalyst at a ﬂow
rate of 50 cm3 H2 min
1. The reaction was carried out under
atmospheric pressure in the temperature range of 300–
450 C. The reactor efﬂuent was passed through a chromato-
graphic column for separation, identiﬁcation and determina-
tion of products using a ﬂame ionization detector (FID)
connected to a computerized data acquisition station. The col-
umn devised was 200 cm long and had 0.3 cm of internal diam-
eter, containing acid washed Chromosorb AW (60–80 mesh
size) loaded by 15 wt.% squalane. GLC chamber temperature
was adjusted and controlled at 40 C.
3. Results and discussion
3.1. X-ray diffraction
XRD patterns of silica-containing alumina samples with dif-
ferent Al2O3/SiO2 molar ratios are shown in Fig. 2. The broad
XRD peak detected around 2<theta>= 23 for all samples
indicates an amorphous silica–alumina structure. For the sam-
ple containing a low concentration of silicon oxide (AS1), the
characteristic peaks of the <gamma>-alumina phase at
2<theta>= 39.4 for (222) reﬂection and 2<theta>= 66
for (440) reﬂection are detected for the calcined material inaddition to the broad weak peak at 2<theta>= 23. The
characteristic peaks of <gamma>-alumina are observed to
disappear upon increasing the silicon oxide (AS2 and AS3)
content, which is an indication of aluminium incorporation.
It is then concluded that silica–alumina materials prepared
are mainly of amorphous nature of a random array of silica
and alumina tetrahedral structures interconnected over three
dimensions.
3.2. Thermal analysis
Thermal proﬁles of silica-containing alumina samples investi-
gated using DSC and TGA are exhibited in Fig. 3a, for AS2.
As observed, at 93 C the loss of physically adsorbed water
is observed at 14 wt.% loss. At higher temperatures, however,
the DSC curve showed one endothermic peak at 329 C and
540 C, associated with a weight loss of 9% which could be
assigned to dehydroxylation reactions. Upon further heating,
an exothermic peak was observed above 500 C accompanied
with a small weight loss of 2 wt.% due to the probable recrys-
tallization process [26]. This is usually a result of removal of
chemisorbed water. For structural stability studies, the same
sample heated at 600 C was once again subjected to DSC
and TGA analyses. The results evidenced no phase transitions,
Fig. 3b. Such observation indicates clearly the higher stability
the oxide which attains once the physically chemisorbed water
is removed in the range of ambient temperature to 600 C.
3.3. Surface characterization of silica-containing alumina
Full adsorption–desorption isotherms of nitrogen for the ser-
ies of silica-containing alumina samples prepared via the
Figure 3 Thermal analyses (TG and DSC) of the prepared silica-containing alumina (AS2) at (a) critical conditions and (b) 600 C.
448 O. Saber, H.M. Gobarasolvothermal method and calcined at 600 C are exhibited in
Fig. 4. In the case of silica-containing alumina (AS1), the
isotherm is observed similar to the type IV isotherm, and no
plateau at high p/po is recorded. Therefore, this isotherm will
belong to pseudo-type II or sometimes denoted as in between
types II and IV. In addition, the hysteresis loop exhibited
allows assigning this isotherm to the H3 type of the IUPAC
classiﬁcation. The hysteresis loop is usually associated with
ﬁlling and emptying of mesopores through capillary
condensation. Upon increasing the silica content, sample
AS2, the isotherm is found initially convex to the p/po axis
similar to type IV, Fig. 4. This is indicative of weak
adsorbent–adsorbate interactions. At a relatively high pres-
sure, it exhibits a small hysteresis loop which is associated
with the mechanism of pore ﬁlling and emptying. In the same
trend, by increasing the percentage of silica higher than that of
alumina. The isotherm and hystersis loop are similar to that of
Sample (AS3); the silica containing alumina were observed,
Fig. 4.Pore size distribution study obtained from the BJH method
of silica-containing alumina sample, AS1 is illustrated in
Fig. 5, where narrow pore size distribution with two maximum
peaks at 3.7 and 4.6 nm is distinguished, providing a mesopor-
ous nature that strongly supports the apt scheme of prepara-
tion adopted in the present work. Such observation is also
conﬁrmed via the Vl–t plot, Fig. 6a, which is obtained using
the de Boer method. The plot exhibits an upward deviation
at t> 1 nm that is associated with mesoporous texture
phenomenon.
As the percentage of silica is increased within the alumina, a
larger pore size (macropores) in the range of 3.6 nm to 80 nm
was also observed, as shown by the AS2 sample; Fig. 5. In
addition, the corresponding Vl–t plot, Fig. 6b, exhibits an
upward deviation at t> 1.5 nm indicating a mesoporous
structure. Upon increasing the silica content further, pore size
distribution in the range of 1–13 nm is observed indicating a
mesoporous structure, Fig. 5 conﬁrmed by its Vl–t plot,
Fig. 6c.
Figure 4 Nitrogen adsorption–desorption isotherm of the prepared silica-containing alumina with different Al2O3/SiO2 molar ratios.
Silica content in alumina–silica nanocomposites 449Table 1 summarizes speciﬁc surface area, pore size distribu-
tion and total pore volume results for silica-containing alu-
mina designated as AS1, AS2, and AS3 calcined at 600 C.The results indicate that AS1 is characterized by a high speciﬁc
surface area of 308 m2/g with a total pore volume of 1.08 cc/g
and consequently a small average pore size of 4.6 nm. Upon
Figure 5 Pore size distribution of the prepared silica-containing alumina with different Al2O3/SiO2 molar ratios.
450 O. Saber, H.M. Gobaraincreasing the percentage of silica in sample AS2, a big
reduction in total pore volume is observed; leading to a sharp
decrease in surface area. Such indication discloses pore
blocking as the percentage of silica is increased. Silica precip-
itation in the alumina matrix could have resulted in the forma-
tion of free silica which can cover, partially, the alumina
network or precipitate in the cavities of the alumina network.
This may throw some light on the silica coating for alumina
surface leading to blocking of pores and subsequently, hinder-
ing the internal surface for nitrogen gas adsorption. A further
increase in the concentration of silica, AS3, has led to a surface
area increase to 456 m2/g with an appreciable increase in the
pore radius to a near 40% of that of AS1.
3.4. Particle size identiﬁcation
Fig. 7, illustrates the TEM images of silica-containing alumina
designated as AS1 calcined at 600 C. AS1 composite exhibits
groups of ultra-ﬁne particles assembled into a larger agglomer-
ation with constructing mesopores (dark spots), Fig. 7. The
image reveals spherical ﬁne sized particles in a range from
6.6 to 16.7 nm. Spherical particles of silica-containing alumina
adhere to two or three other particles and the pores are the
cavities between the globules. The size of the globules deter-
mines the speciﬁc area, pore volume and diameter of the par-
ticles. The morphology of the AS2 composite using SEM is
illustrated in Fig. 8, where nanoparticles of silica-containing
alumina are identiﬁed in large aggregates. Fig. 9, however, dis-
plays the TEM images of the composite sample AS3 at differ-
ent locations and magniﬁcations. It is obvious that the sample
is in nano particle forms of 2.9–5.8 nm and 5.7–9.6 nm. TEM
images conﬁrm the domination of the mesoporous structures
is obvious from large aggregates of nano composite silica-
containing alumina.4. Platinum-nano catalysts based on silica-containing alumina
nanoparticles
Dehydrogenation of cyclohexane is one of the most promising
methods to store, transport and supply with in situ generation
of hydrogen. Cyclohexane is of 7.2 wt.% hydrogen content,
and it can be dehydrogenated to produce gaseous hydrogen
and benzene as shown in the following equation:
C6H12 $ C6H6 þ 3H2 DH ¼ þ205 : 9 kJ mol1
Dehydrogenation of cyclohexane is an endothermic reac-
tion with an energy requirement of 205.9 kJ mol1. Results
of dehydrogenation experiments over various catalysts were
expressed in terms of total conversion and % selectivity was
calculated as in the following:
Yield ðmol%Þ ¼ amount of cyclohexane disappeared=
amount of cyclohexane reactant 100
Total Conversion ¼
X
Yieldðmol%Þof all products
%Selectivity ¼ yield of benzene=total conversion 100
As-prepared silica–alumina nanocomposites AS1, AS2,
AS3 and those supported by 0.6 wt.% platinum were subjected
to heterogeneous catalytic dehydrogenation of cyclohexane,
results of which are illustrated in Fig. 10 and Table 2. Result
veriﬁcation indicates that only benzene and hydrogen were
the main products indicating that selectivity and conversion
toward the dehydrogenation reaction is 100% at elevated tem-
peratures of 450 C, and as previously reported when catalysts
based on layered structure of Zn–Al–Si were utilized [18]. At
lower temperatures of 250 C and 350 C, however, Pt/AS1
did not prove active towards the dehydrogenation reaction.
Figure 6 Vl–t plot of the prepared silica-containing alumina with different Al2O3/SiO2 molar ratios.
Table 1 Adsorption data derived from adsorption–desorption isotherms for silica-containing alumina using BET and BJH methods.
Sample Molar ratios Al2O3/SiO2 SBET (m
2/g) Vp BJH (cc/g) Rp BJH (nm)
AS1 2.09 308 1.0820 4.606
AS2 0.698 71 0.0779 6.24
AS3 0.023 456 1.022 6.24
Silica content in alumina–silica nanocomposites 451Therefore, the relation between reaction temperatures, total
conversion of cyclohexane and selectivity towards dehydroge-
nation reaction is not only a catalyst controlling process but
also temperature dependent.
Although various metal oxides may be good supports for Pt
to design dehydrogenation catalysts, selectivity towards
hydrogen formation is an important issue. It was reported thaton well dispersed Pt catalysts dehydrogenation reaction pre-
vails whereas a relatively high grain size leads to hydrogenoly-
sis reaction in addition to dehydrogenation reaction. Shukla
et al. [27] reported that when metal surface areas for various
catalysts were compared, no direct correlation was found with
catalytic activity. This indicates that metal support interaction
has the major effect on catalytic activity. In general, the
Figure 7 TEM images of the prepared sample of silica-contain-
ing alumina (AS1) calcined at 600 C.
Figure 8 SEM images of the prepared sample of silica-contain-
ing alumina (AS2) calcined at 600 C.
452 O. Saber, H.M. Gobaraactivity of platinum catalysts depends on the surface area of
the support, dispersion nature and size of metal particles,
therefore, catalyst activity should be attributed to its respective
structure and support where the well nanosized Pt atoms are
being interacted with the subsurface octahedral sitting of alu-
mina support.
The exhibited high catalytic activity of Pt/AS1 is related the
texture of silica containing alumina. The short pore channel
which is produced from packing of nanoparticles is favourable
for the diffusion of benzene and then may also play a major role
in the improvement of its catalytic performance. Also, the pore
radius distribution exhibited by AS1 (4.6 nm) is then considered
convenient for platinum assembly enhancement towards dehy-
drogenation of cyclohexane reaction selectivity. Such pore size
attained seems to allow cyclohexane molecules, smaller than the
pore opening, to gain access to platinum sites and/or allow ben-
zene molecule evolution. The increase in the silica content as
presented by the sample designated Pt/AS2, however, exhibited
deteriorated catalytic activity toward the dehydrogenation
reaction duemainly to pores blocking the alumina porous struc-
ture through covering of the alumina surface (core–shell sys-
tem). This is indicated by the sharp decrease in the surface
area and total pore volume. A further increase in the silica con-
tent, dilutes the active alumina and in turn does not support the
elevation of the dehydrogenation process as was evident from
the slim activity exhibited. Nakano et al. [20] proposed a seriesof alumina–silica supports for deep hydrodesulphurization
(HDS) reporting that the SiO2 content was of an inﬂuential
effect on the catalytic performance, revealing a better perfor-
mance by around 27% regardless of preparation conditions.
5. Catalyst/support microstructure inﬂuence and the reaction
mechanism
The pore structure of the support does contribute with no
doubt to the selectivity of a catalytic reaction when the
approach of the solid pore opening geometry and size is in
relation to the molecular forms of the reactants and products.
Upon interpretation of the results obtained, hereafter, the
dehydrogenation reaction of the cyclohexane mechanism could
be visualized via the adsorption of the reactant species on two
active sites followed by the removal of hydrogen to form
adsorbed cyclohexene which is followed by the stepwise
removal of hydrogen atoms to form benzene as the ﬁnal prod-
uct. Therefore, the Pt/AS1, proven with high conversion and
selectivity of cyclohexane to benzene 100%, may be correlated
with the aggregates of the nano-size of crystallites of the sup-
port which creates nanopores suitable for Pt-active sites to
function efﬁciently. In addition, the morphological network
formed by the presence of Pt-sites within the pores at 4–
7 nm in radius may have increased ultimately the desorption
Figure 9 TEM images of the prepared sample of silica-contain-
ing alumina (AS3) calcined at 600 C.
Table 2 Product distribution of cyclohexane dehydrogenation
with respect to reaction temperature by using Pt/AS1.
Components (mol.%) Temperature (C)
250 300 350 400 450
Benzene 0 30 50 66 100
Cyclohexane 100 70 50 34 0
Total conversion – 30 50 66 100
% Selectivity – 100 100 100 100
Silica content in alumina–silica nanocomposites 453ability of the surface adsorbed benzene molecules avoiding fur-
ther undesirable reactions of degradation or catalyst
poisoning.Figure 10 Effect of temperature on cyclo6. Conclusions
The performance of Pt catalyst supported on different kinds of
silica-containing alumina in the catalytic conversion dehydro-
genation conversion of cyclohexane to benzene has been con-
ﬁrmed to be microstructure dependable process. Series of
silica-alumina nanocomposites were prepared using the solvo-
thermal technique for the aim of inducing high surface area
with a selective nano-porosity envisaging more selective dehy-
drogenation platinum/supported catalyst. Silica-containing
alumina support containing low concentrations of silicon
oxide designated as AS1, provided a high speciﬁc surface area
of 308 m2/g at 1.08 cc/g total pore volume and an average pore
size of 4.6 nm. Accordingly, Pt nanocatalyst deposited on such
nano silica/alumina composites, designated as Pt/AS1, has
exhibited excellent activity at 450 C for the conversion of
cyclohexane to benzene with recognized selectivity and a
conversion yield of 100%. Upon increasing the percentage of
silica, the dehydrogenation activity sharply decreased suggest-
ing the dilution of the active species of alumina and its subse-
quent effect on the microstructure of the support. This study
concludes that the Pt support on silica–alumina nanocompos-
ite with a low percentage of silica is an effective and selective
catalyst for cyclohexane dehydrogenation particularly at nano
sized particles around 10 nm emphasizing the nanotechnologyhexane dehydrogenation using Pt/AS1.
454 O. Saber, H.M. Gobaraimpact of the porous structure of alumina on its performance
towards the dehydrogenation process of cyclohexane. The
main emphases were regarded as ﬁrstly due to the penetration
of the low concentration of silica into the texture of alumina to
become more convenient for the dehydrogenation reaction
while avoiding the undesirable reactions and secondly, to the
production of short pore channels from the packing of
nanoparticles within the composite which is favourable for
the diffusion of benzene.
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